The semaphorins are a family of proteins thought to be involved in axonal guidance. Most of the known semaphorins have a similar primary structure characterized by the semaphorin domain and a carboxy-terminal Ig motif. Here we report the cloning of two members (semF and G) of a novel class of membrane-bound semaphorins which contain seven carboxy-terminal thrombospondin repeats, a motif known to promote neurite outgrowth. SemF and G transcripts are expressed, together with semD and E, in specific regions of young mouse embryos, demarcating distinct compartments of the developing somites or the undifferentiated neuroepithelium. The identification of semF and G increases the number of vertebrate semaphorins to at least 20 and suggests that some semaphorins might act as positive axonal guidance cues.
Introduction
During their navigation through the developing embryo, growing axons encounter a vast diversity of molecules in the extracellular matrix (ECM) and on the surface of cells (Dodd and Jessell, 1988; Schwab et al., 1993; Keynes and Cook, 1995a) . Many ECM and cell surface molecules have been shown to promote the growth of neurites or to provide favourable substrates for their extension (Hynes and Lander, 1992; Keynes and Cook, 1995a) . In addition, different families of proteins have been identified recently, which can exert repulsive effects on growth cones (Dodd and Schuchardt, 1995; Keynes and Cook, 1995a) . The vertebrate semaphorin/collapsin gene family encodes at least one protein that acts as a repulsive signal for both sensory and sympathetic growth cones (Raper and Kapfhammer, 1990; Luo et al., 1993; Piischel et al., 1995; Messersmith et al., 1995) .
The first member of the semaphorin gene family to be identified was the grasshopper Fasciclin IVBemaphorin I (Kolodkin et al., 1992) . Cloning of the chick collupsin cDNA (now called collupsin-I) revealed the presence of a conserved domain of 500 amino acids and 16 conserved * Corresponding author. cysteines in both proteins (Luo et al., 1993) , which was named semaphorin domain (Kolodkin et al., 1993) . The high conservation of specific motifs in this domain allowed the rapid isolation of a number of related genes both in invertebrates and vertebrates (Kolodkin et al., 1993; Luo et al., 1995; Piischel et al., 1995) . Using a PCR-based homology screening approach, we have isolated the coding sequences of five new members of the semaphorin gene family (semA-3) from mouse (Ptischel et al., 1995) . Comparison of their semaphorin domain sequences allowed the distinction of at least four different classes of semaphorin proteins, most of which contain a C2-type Ig-homology in addition to the semaphorin domain (Piischel et al., 1995) . So far only the invertebrate semal genes, which have a carboxyterminal transmembrane sequence, lack this Ig motif (Kolodkin et al., 1992 (Kolodkin et al., , 1993 Luo et al., 1993 Luo et al., , 1995 . The distribution of vertebrate semaphorin transcripts in mesodermal and neural tissues is highly complex (Luo et al., 1995; Messersmith et al., 1995; Piischel et al., 1995) and consistent with an involvement of the semaphorins in axonal guidance and the regulation of dorso-ventral termination patterns of sensory axons in the spinal cord (Messersmith et al., 1995; Ptischel et al., 1995) .
In this report we describe the cloning and characteri- 0925 .4773/96/$15.00 0 1996 Elsevier Science Ireland Ltd. All rights reserved PII: SO925-4773(96)00525-4 zation of a novel class of murine semaphorins. Two closely related cDNAs were isolated, which are likely to encode integral membrane proteins containing seven thrombospondin repeats but no Ig motif. The corresponding genes, semF and G, are expressed during early murine embryogenesis in mutually exclusive domains. The presence of potentially neurite outgrowth-promoting thrombospondin domains in the Sem F and G proteins suggests that semaphorins might act not only as negative repulsive cues, but also as positive signals for growth cone guid-2. Results
Murine semF and G cDNAs define a novel type of semaphorins
Analysis of PCR fragments amplified by using fully degenerate primers derived from conserved motifs of the semaphorin domain (Piischel et al., 1995) identified a sequence which showed the highest homology to the grasshopper fasciclinIVIG-semal gene. This fragment was used as a probe to screen several cDNA libraries, result- Fig. 1 . Alignment of murine Sem F and G sequences. The conceptual translation of the sequences of semF (Sem F) and semG (Sem G) were aligned with the partial sequence of the grasshopper G-Sema I and the Tribolium T-Sema I (Kolodkin et al., 1992 (Kolodkin et al., , 1993 using the programs CLUSTAL and PILEUP (HUSAR 3.0 software). Putative signal sequences determined with the program SIGNALSEQ (HUSAR 3.0 software) are underlined, conserved cysteines indicated by asterisks, and conserved potential N-glycosylation sites marked by #. An open circle indicates amino acid residues conserved in all semaphorines for which full length sequences are available (Sem A-G, collapsin-1 and 2, G-Sema I, T-Sema I, and D-Sema II). Conserved residues present in more than half of the displayed sequences (bold letters), semaphorin domains (box), thromobospondin repeats (brackets), and potential transmembrane regions (= =; as determined by hydrophobicity analysis) are indicated. One clone containing the complete coding sequence for semF was isolated and several overlapping cDNAs for semG. Both strands of the full length semF cDNA were sequenced. The 5 end of semG was isolated by RACE and subsequently used to isolate corresponding cDNAs. The full coding sequence for semG was determined by completely sequencing both strands of several overlapping partial cDNA clones. Southern blot hybridization of genomic DNA indicated the presence of a second, highly related gene in the murine genome (semG). Using probes derived either from the semF cDNA or by rapid amplification of cDNA ends (RACE), several overlapping cDNAs were isolated from a mouse El2 cDNA library, which together covered the complete coding sequence of semG (Fig. 1) . Conceptual translation of the longest open reading frames showed that the encoded proteins of 1077 (Sem F) and 1093 (Sem G) amino acids (aa), respectively, are 58% identical and 72% similar to each other (Fig. 1) . Analysis of their amino acid sequences indicated that Sem F and G define a novel class of semaphorins, which have a domain structure different from all previously isolated semaphorins and are likely to be integral transmembrane proteins ( Figs. 1 and 3B ). The putative extracellular region of Sem F and G consists of two domains, a 485 aa semaphorin domain and a 408 aa domain composed of seven repeats ( Figs. 1 and 2A) . The semaphorin domains of Sem F and G are 64% identical to each other and are most similar to those of the invertebrate semaphorin I genes (60-66% similarity; see Fig. 2B ). All four proteins (Sem F and G, and G-and T-Sema I) also share 13 conserved cysteins and one conserved consensus sequence for Nglycosylation, which is located at a position different from that of a similar consensus in the class III semaphorins ( Fig. 1) (Piischel et al, 1995) .
The most striking feature of Sem F and G is the presence of seven repeats which account for almost half of the protein sequence. These repeats show a high homology to similar repeats found in thrombospondin 1 and 2 (TSP-1 and TSP-2 type 1 repeats; Adams and Lawler, 1993; Bark, 1993) (Fig. 2A) , proteins which are components of the extracellular matrix. The type 1 repeats have been shown to be responsible both for promoting the outgrowth of neurites from a number of neurons and the attachment of neuronal and non-neuronal cells when cultured on substrates containing thrombospondin (Neugebauer et al., 1991; O'Shea et al., 1991; Osterhout et al., 1992) . In the type 1 repeats of TSP-1 the CSVTCG motif has been identified as essential for the heparin and cellbinding properties of this protein (Prater et al., 1991; Guo et al., 1992; Li et al., 1993; Tuszynski et al., 1993) . This motif is only partially conserved (CSXXCG) in Sem F and G (Fig. 2A) . The sequence in the type 1 repeats responsible for the outgrowth-promoting activity has not been identified, but seems to be distinct from the CSVTCG sequence (DeFreitas et al., 1995) . The putative transmembrane domain is followed by a cytoplasmic tail of 80 (Sem F) or 91 aa (Sem G), respectively, which show a lower degree of similarity to each other than other regions of the protein.
Calculation of a phylogentic tree based on the comparison of all known semaphorin domains confirms that Sem F and G constitute a new class of semaphorins (class V; see Fig. 3 Northern blot analysis of mRNA isolated from murine embryos revealed two semF transcripts of 5.5 and 9.4 kb and a single semG mRNA of 5.9 kb, whose abundance decreased from embryonic day 10 (ElO) to birth (Fig.  4A ). In adult tissues three semF transcripts of 3.6, 5.5 and 9.4 kb were seen (Fig. 4B ). Whereas only the 3.6 kb transcript was found in liver, all three mRNAs were detectable in brain and kidney. Muscle tissue expressed exclusively the largest transcript, and heart, lung and spleen only the 5.5 and 9.4 kb transcripts, which were also present in the embryo (Fig. 4) . In contrast, a single semG transcript of 5.9 kb was found exclusively in brain, but no other adult tissue examined (Fig. 4B ). Northern blot hybridization using probes from different parts of the semF coding sequence indicated that the two larger transcripts contain the complete coding sequence (data not shown). However, it was not possible to determine if the different transcripts originate from alternative splicing or the use of different poly(A) addition sites. Although 3.6 kb would suffice to encode the complete Sem F protein, it is currently not clear if the smallest transcript indeed contains the complete reading frame.
SemF and G are expressed in complementary regions during early embryogenesis
The expression of semF and G during embryonic development was analysed by in situ hybridization of paraffin sections and whole mounts of mouse embryos from day E9.5 to E12.5 of development, i.e. the major phase of sensory and motor innervation (Smith and Hollyday, 1983; Altman and Bayer, 1984) , and compared to that of two secreted semaphorins, semD and E. Early in development (E9-ElO) these four different semaphorins were detected in partially complementary and partially overlapping domains (Figs. 5, 6 and 7) . No signals were seen for semA, B and C at this stage (data not shown). At E9.5 semF transcripts were found only in mesodermal cells, including sclerotomes, lateral plate mesoderm, branchial arches, limb buds and notochord (Fig. 6C , and data not shown), whereas semG was expressed exclusively in the neuroepithelium along the entire anterio-posterior axis ( Fig. 6D , and data not shown). In the most caudal part of the neural tube only weak hybridization signals were observed with the probe specific for semG (data not shown). SF TSP2  SF TSP3  SF TSP4  SF TSP5  SF TSP6  SF TSP7  SG TSPl  SG TSP2  SG TSP3  SG TSP4  SG TSP5  SG TSP6  SG The sequences of the thrombospondin repeats 1-7 from Sem F (SF TSPl-7) and Sem G (SG TSPl-7) are aligned in the upper part of the figure; amino acids present in more than half of the repeats are printed in bold. The consensus sequence shown is derived from these conserved residues. Asterisks indicate amino acids present in all repeats, a plus sign residues found in all repeats with the exception of repeat number 4 which diverges from the consensus sequence. Hyphens indicate gaps introduced to optimize the alignment. The consensus sequence derived from the Sem F and G repeats was compared to those compiled from chick F-spondin (Klar et al., 1992) . human thrombospondin 1 (Tsp I; Lawler and Hynes, 1986 ) mouse properdin (Goundis and Reid, 1988) , and C. elegans unc-5 ( Leung-Hagesteijn et al., 1992) . Hyphens indicate non-conserved residues or gaps. Vertical lines indicate amino acids conserved between all consensus sequences, and dots those conserved between the Sem F/G consensus and the Tsp-1 consensus. Note that the Sem F and G repeats are most closely related to those found in thrombospondin 1. Feng and Doolittle, 1987) . Five different classes of semaphorin domains (I-V) can be distinguished (see text). Non-murine sequences are from Kolodkin et al. (1993) and Luo et al. (1993 Luo et al. ( , 1995 . ( At that stage (E9.5) strong expression of semD was detected in the surface ectoderm, dermomyotome, lateral plate mesoderm, branchial arches, and limb buds (Fig.  6A) . Interestingly, semD levels in the dermamyotome were significantly higher in the posterior as compared to those in the anterior half (Figs. 6A, 7A , 8A, and data not shown). It also was found transiently in the dorsal neural tube, where its expression was down-regulated after fusion of the neural folds (Fig. SC,D) . Both semD and F were undetectable in the unsegmented presomitic mesoderm but clearly present in newly formed somites (Fig.  5) . Initially, semF transcripts were found throughout the undifferentiated somite and only later became restricted to the sclerotome, whereas semD was initially expressed in the lateral half of the somite (Fig. 5 , and data not shown). At the same stage semE was mainly expressed in the endoderm covering the peritoneal cavity and the gut (Fig. 6B) . Half a day later (E1O.O) with the differentiation of the somite, complementary expression domains of semF in sclerotome, semD in dermatome and semE in myotome became apparent (Fig. 6E-H) . SemG still was exclusively expressed in the neuroepithelium (data not shown). At E10.5 for the first time expression of semD and E were observed in the ventral half of the neural tube (Fig. 61,J) at a position which corresponds to the developing motor columns. At this stage, in addition to its expression in the dermatome, semD mRNA was also found in the sclerotome where it was restricted to the posterior half-segment (Fig. 7A,B ). Its expression pattern overlapped somewhat with that of semF which was detected throughout the sclerotome (Fig. 7C ). E10.5 was the earliest stage where this posterior restriction of semD in the sclerotome was unambiguous.
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This segmentally repeated expression of semD in somitic derivatives separated individual DRGs and ventral roots, and was still detectable at El2 (Fig. 8H) . Whole mount in situ hybridization also revealed strong expression of semD and Fin the branchial arches ( Fig. 8F-H) .
SemD and Fare strongly expressed in the limb buds
A prominent feature of both semD and F was their expression in the limb buds (Fig. 8) . At E9.5 both transcripts were uniformly distributed (Figs. 6A,C and 8A,B) , but starting at E10.5 distinct expression domains within (1). lateral plate mesoderm (lp) and semG mRNA in the neural tube (n). At E9.5 (B) to El05 (J), semE was expressed in the endoderm of the gut (long arrow in (B)) and the cells lining the peritoneal cavity (long arrow in (J)). SemD (I) and E (J) mRNA was present in the ventral horn at E10.5 (arrowheads). SemF transcripts were found at E9.5 in the sclerotome (s) and notochord (short arrows in (C,G,K)). (H) A bright field picture of the same sections as shown in (G) is displayed. Dorsal is to the top. the limb bud mesoderm became distinguishable (Fig. 8E ). At E10.5, semF was highly expressed in a stripe at the base of both the fore-and hindlimbs (Fig. 8E) with the highest expression found at the anterior and posterior margins, and in addition at lower levels throughout the mesoderm (Fig. 8, and data not shown) . The expression patterns became more elaborate at El 1.5-El25 when both semD and F where found in unique domains in the fore-and hindlimb buds (Fig. 81-L) . SemF transcripts were located largely in the developing limbs but excluded from the footplate, whereas semD showed distinct domains both in the limbs and the footplate. Expression of both transcripts was strongly reduced in these structures at El5 (data not shown). 3. Discussion
SemF and G are members of a novel class of semaphorins
Using degenerate primers derived from conserved sequences of the semaphorin domain we isolated cDNAs encoding two novel members @em F and G) of the semaphorin family. Based on the comparison of semaphorin domains, five classes of semaphorin proteins (Fig. 3) with characteristic structures can now be distinguished. The Sem F and G proteins are highly related, and their semaphorin domains resemble those of the invertebrate semaphorin I proteins. With the latter, Sem F and G in addition share a putative transmembrane region. Their unique feature, however, is the presence of seven repeats carboxyterminal to the semaphorin domain with a high similarity to the type 1 repeats found in thrombospondin 1 and 2 (Adams and Lawler, 1993; Bork, 1993) which have been shown to mediate the attachment of different celltypes to substrates containing thrombospondin 1, as well as to promote the outgrowth of several types of neurons (Neugebauer et al., 1991; O'Shea et al., 1991; Osterhout et al., 1992; DeFreitas et al., 1995) .
So far semaphorins have been discussed mainly in the context of providing inhibitory signals (Goodman, 1994; Luo and Raper, 1994; Tessier-Lavigne, 1994; Dodd and Schuchardt, 1995) , although only for Sem D/collapsin has a repulsive effect been clearly demonstrated (Raper and Kapfhammer, 1990; Luo et al., 1993; Messersmith et al., 1995; Piischel et al., 1995) . Similarly, the grasshopper GSemaI/Fas IV and Drosophila D-Sema II have been reported to exert an inhibitory influence on axonal growth and/or arborization (Kolodkin et al., 1992; Matthes et al., 1995) . The presence of the potentially outgrowth promoting thrombospondin repeats in the novel class of semaphorins identified in this study suggests that at least Sem F and G could have effects other than repulsion on axonal growth. However, recombinant Sem F and G proteins so far did not display either inhibitory or outgrowthpromoting effects on several different neuronal cell-types tested in vitro (A.W.P. and R.H.A., unpublished results), and thus their physiological role remains unknown.
Recently, the integrin a& heterodimer has been identified as a neuronal thrombospondin receptor that mediates the neurite outgrowth-promoting effect of TSP-1 on sympathetic ganglia (DeFreitas et al., 1995) . It has been speculated that this or a similar integrin might also act as a receptor for the related type 1 repeats found in TSP-2 (DeFreitas et al., 1995) . By analogy, integrins may also bind the repeats present in Sem F and G, and thus could represent candidates for one class of semaphorin receptors. Thrombospondins are multidomain proteins, which interact with a number of different receptors and are involved in several aspects of interactions between cells and the ECM. Although semaphorins are composed of fewer domains than, for example, TSP-1, it seems plausible that in analogy to other ECM molecules these proteins could activate different types of receptors to exert diverse biological effects. embryos, and (I-L) lateral views of anterior (1.K) and posterior (J,K) limb buds are shown. SemF is highly expressed at the base of the limb (arrows) and in distinct domains in the limb bud mesoderm. Development of the whole mounts shown in (E-L) was terminated early in order to reveal differences in expression levels. In situ hybridization of paraffin sections showed expression of both semD and Fin most mesodermal cells (data not shown).
The vertebrate semaphorin gene family contains at least 20 members
Searches of the Genbank and EMBL databases identified a large number of human expressed sequence tags (ESTs) with homology to known semaphorins. Many of these partial sequences are likely to represent the human homologs of known mouse or chick sequences. At least four ESTs, however, differ enough from published sequences to be classified as new class III or IV members of the semaphorin gene family ( Table 1 ). Assuming that human or murine homologs of toll-2, -4 and -5 exist (Luo et al., 1995) , we estimate the minimal number of semaphorin sequences present in the vertebrate genome to be at least 20, including a recently published class IV semaphorin (Inagaki et al., 1995) and unpublished class III sequences in the database (accession numbers U33920, U932171, U932172, and U28369). Thus, the complexity of neuronal connections seems to be mirrored by an equal complexity of gene families encoding putative axonal guidance cues, a view supported by the recently disclosed diversity of the Eph-receptor tyrosine kinases and their Table 1 Several human ESTs correspond to semaphorins Data base searches with the TBLASTN program (HUSAR 3.0 software, DKFZ, Heidelberg, Germany) of GenBank and the EMBL database identified a large number of human ESTs with significant homology to Sem A-G sequences. Most of these probably correspond to the human homologs of published murine sequences. Several ESTs show significant homology to semaphorin sequences but are unlikely to represent human homologs of published sequences. One STS from the Drosophila genome was identified that corresponds to a new semaphorin sequence (accession number G00866). ESTs which were identical or overlapping to clones listed above are not included in this list. References are (1) Ptischel et al., 1995, and (2) Inagaki et al., 1995. ligands that are thought to be involved in the patterning of retino-tectal projections (Keynes and Cook, 1995a; Tessier-Lavigne, 1995;  and references therein).
SemF and G are expressed in complementary domains during early embryogenesis
After their separation from the unsegmented paraxial mesoderm, the somitic cells form a ball of columnar epithelial cells. Under the influence of various signals from the notochord, neural tube and dorsal epidermis (Fan and Tessier-Lavigne, 1994; Fan et al., 1995) , the ventro-medial cells disperse and become the mesenchyma1 cells of the sclerotome, which will migrate medially and eventually contribute to the vertebrae. Some cells from the lateral part of the somite also disperse to form the myotome and give rise to muscles (Ordahl and LeDouarin, 1992) . The remaining epithelial cell layer, the dermatome, forms the dermis of the dorsal skin. Interestingly, several semaphorins showed a differential expression in the paraxial mesoderm during somitogenesis. SemD and F transcripts were already detectable in the youngest somite formed from the unsegmented mesoderm and became progressively more localized to different somitic compartments upon differentiation. As this intriguing pattern of expression precedes the arrival of growing axons, these semaphorins might have a role in the separation of the different somitic compartments.
At E9.5 the major axonal tracts are already laid out in the mouse hindbrain, but outgrowth of axons is just starting at the level of the fore-limb bud (Smith and Hollyday, 1983; Altman and Bayer, 1984; and A.W.P., unpublished results) . Transcripts of four semaphorin genes (semD-G) were found at this stage in complementary expression domains. Whereas semF and semD were widely expressed in mesodermal tissues, semG transcripts were found exclusively in the neuroepithelium.
After closure of the neural tube, neural crest cells detach from the dorsalmost part of the neuroepithelium and start to migrate ventrally. In the neural tube precursor cells continue to proliferate, and after completing their final mitosis some neurons leave the ventricular zone to differentiate and form the marginal zone (Nornes and Carry, 1978; Altman and Bayer, 1984) . The commissural neurons in the dorsal neural tube are among the first spinal neurons to extend axons, which initially grow ventrally independent of signals such as netrin-1 emanating from the floor plate (Colamarino and Tessier-Lavigne, 1995) . Its strong neuroepithelial expression could indicate a function of Sem G in one or several aspects of this process. It is conceivable that Sem G represents a signal initiating or directing the emigration of postmitotic neuroblasts from the ventricular zone. Consistent with this idea, semG expression appears to be downregulated after cells leave the ventricular zone, as no semG transcripts are detectable in the marginal zone before E12.5. Alternatively, Sem G might prevent the ex-tension of newly initiated neurites into the neuroepithelium, which only rarely contains misdirected axons. The signals directing the initial ventral growth of commissural axons are not known (Colamarino and Tessier-Lavigne, 1995) and it seems possible that Sem G or other semaphorins could function to promote their outgrowth and/or restrict their axons to the marginal zone.
3.4. SemD and F could regulate neural crest migration and ventral root formation Interestingly, at E10.5 semD was found in the posterior half of the sclerotome, which is avoided by both migrating neural crest cells and by motor and sensory axons (Keynes and Stern, 1984; Keynes and Stern, 1988; Davies et al., 1990; Keynes and Cook, 1995b) . In the mouse embryo neural crest cells emigrate in two waves (Serbedzija et al., 1990 (Serbedzija et al., , 1994 ). An early wave of cells migrates through the ventrolateral portion of the sclerotome and later differentiates into sympathetic neurons, whereas a later wave of neural crest cells takes a ventromedial route to form the dorsal root ganglia in the rostra1 half of the sclerotome. The transcripts of semD, E and F are distributed in the developing somite in patterns suggesting that their products could influence this migration pattern. Sem F might either exclude the early cell population from, or attract the late neural crest wave to, the medial pathway. Sem D and E could contribute to the exclusion of migrating cells from the dermomyotome and the posterior sclerotome, respectively. However, to address this question in vitro assays for neural crest migration and the localization of the corresponding semaphorin proteins relative to neural crest markers will be required.
As expression of semD and F is already detectable in somites newly formed from the presomitic mesoderm, the corresponding proteins could be able to influence not only migrating neural crest cells but also sensory and motor axons. These become first detectable in the anterior sclerotome at a position that lies at least six somites anterior to presomitic mesoderm as determined by antineurofilament staining (A.W.P., unpublished results). This segmentally repeated expression of semD, that separates adjacent DRGs and ventral roots, is maintained until E12.5, suggesting a role in the patterning of the ventral roots.
Differential expression of semD and F in limb buds
Both semD and F are expressed in the developing limb buds as the latter become distinguishable from the lateral plate mesoderm. An initial uniform expression differentiates with development of the limb buds into a more complex pattern of stripes, whose shape differs between semD and F and between fore-and hindlimbs. In this respect semF shows some similarity to its closest invertebrate relative G-semal which also is expressed in distinct stripes in the grasshopper limb bud, where it participates in guiding sensory axons towards the CNS (Kolodkin et al., 1992) . Thus, semaphorins may regulate the innervation of the limbs, a hypothesis supported by strong expression of semD and semF at the base of the mouse limb bud, where motor axons from different levels converge to form a plexus (Landmesser, 1980 (Landmesser, , 1984 . Both semF and D might participate in restricting the extension of these axons and force them to converge at the base of the limb. As distinct expression patterns of semD, semF and collapsin- (LUO et al., 1995) are in addition found in more distal regions of the limb bud, these genes may also play a role in the formation of individual nerves.
Conclusions
The large diversity of the semaphorin gene family and the highly complex expression patterns of its individual members remain puzzling as long as more information from functional assays is lacking. The precise nature of their physiological effects may turn out to be determined not by a single domain, but by the integration of signals triggered by the activation of several receptors interacting with the different motifs present in the semaphorins. It also remains to be shown whether all these proteins function solely in axonal pathfinding, or if they have more general roles. For example, semaphorins may represent extracellular signals regulating the cytoskeleton in various cell types, and the repulsive effects of Sem D on sensory growth cones could represent just a special case. The isolation of a novel class of semaphorin with a potentially positively acting domain adds to this puzzle and highlights the complexity of this family of proteins.
Experimental procedures
Isolation of cDNA clones
A mouse brain AZAP cDNA library (1.5 X lo6 pfu; Stratagene), a mouse El2 spinal cord AZAPExpress cDNA library (A.W.P, unpublished) and a mouse El2 embryo lZAPExpress cDNA library (Stratagene) were screened with different mouse semaphorin PCR and cDNA fragments (Piischel et al., 1995) following standard protocols (Sambrook et al., 1989) . cDNA clones in the vectors Bluescript and pBK-CMV (Stratagene) were obtained from isolated phages by in vivo excision. Clones were analyzed by enzymatic restriction and sequencing (T7 DNA sequencing kit, Pharmacia; PRISM cycle sequencing kit, Applied Biosystems). A clone containing the full coding sequence was isolated for semF, and partial cDNAs for semG. Full-length cDNA 5'-ends were isolated for semG by using the Marathon cDNA amplification kit (Clontech) and poly(A)+ RNA isolated from El2 mouse embryos. Amplified PCR fragments were subcloned into Bluescript and sequenced. A RACE-clone
